Although the title of this lecture infers that mechanisms for all of the carbon-to-carbon bond-forming reactions of cholesterol biosynthesis will be considered, I will only discuss two, two that are unique to polyisoprenoid biosynthesis. Polyisoprenoid compounds are composed of repeating five-carbon branched-chain units, and the polyisoprenoid compound that has received primary consideration with respect to its biosynthesis is cholesterol. There are two reasons for this. Firstly, this molecule has long been implicated in atherosclerosis, and consequently support for investigation of its biosynthesis has been readily available. The second reason is that cholesterol is a principal (in terms of mass) product of polyisoprenoid synthesis, and consequently the enzymes requisite for its synthesis are in relatively high concentrations in liver, the primary cholesterol-synthesizing organ in vertebrates.
A number of years ago Sir Robert Robinson pointed out that, if the structure of squalene was depicted in a certain way, it could be made to have a superficial resemblance to the structure of cholesterol (Robinson, 1934) (Fig. 1) . And indeed, later degradation of the cholesterol side chain indicated that cholesterol was a polyisoprenoid compound. Soon thereafter, work in Bloch's laboratory demonstrated a product-precursor relationship between squalene and cholesterol, and more detailed degradation studies indicated a different folding pattern for the cyclization of squalene (Woodward & Bloch, 1953) . The predicted product, lanosterol, was formed and shown to be a cholesterol precursor.
An inspection of the structure of squalene reveals that the consituent isoprenoid units are connected by two different kinds of linkages (Fig. 1) . The 1'-4 or head-totail link is used to construct the 15-carbon farnesyl unit that is joined in a 1'-1 manner to form the central carbonto-carbon bond in squalene. Although both of these bonds 
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Delivered on 2 1 March 1985 at University College, Cardiff PROFESSOR H. C. RILLING are formed by condensations that are prenyltransfer reactions, the 1'-4 condensation is considered to be the prenyltransfer reaction, and the enzymes responsible for this reaction are termed prenyltransferases. The products of different prenyltransferases are diverse and include farnesyl pyrophosphate, the squalene precursor; dolichols, which contain cis as well as trans double bonds; and the side chains of the electron transfer quinones. The condensation of the two farnesyl units to yield presqualene pyrophosphate (and subsequently squalene) is also a prenyltransfer reaction with the carbinyl carbon of one farnesyl unit adding across the 2,3 double bond of the second. The enzyme responsible has the trivial name squalene synthetase. Another 1'-1 condensation produces phytoene with geranylgeranyl pyrophosphate as substrate (Goodwin, 1971) .
The earliest evidence concerning the mechanisms of these reactions came from Bloch's laboratory. Mevalonate, incorporation into squalene of protons compared with mevalonate was determined. Relatively little hydrogen was incorporated into squalene, and in fact, no hydrogen from solvent was found attached to the carbon atoms involved in the formation of the 1'-4 bonds. This clearly established that this reaction was novel at that time, i.e. the condensation reaction was taking place between two carbons in the methylene oxidation state (Bloch, 1965) . Some hydrogens (1 or 2) were incorporated into the centre of molecule but what was happening during the condensation of the two farnesyl units was not clear then.
Before considering these two novel reactions in detail, the reactions of the squalene biosynthetic pathway from mevalonate to squalene will be considered briefly (Fig. 2) . In two successive phosphorylations, with ATP as the phosphoryl donor, the 5 -hydroxyl of meval?nate is pyrophosphorylated. In the next step, the 3 -hydroxyl is likewise phosphorylated and the resulting unstable intermediate, which has never been isolated, is dehydrated and decarboxylated to yield the first true isoprenoid compound, isopentenyl pyrophosphate. Next, the 3,4 double bond of this compound is isomerized to the 2,3 position yielding 3-methyl-2-butenyl pyrophosphate. What follows is the sequence of prenyltransfer reactions which produce farnesyl pyrophosphate and finally squalene (Chayet & Rilling, 1985) .
Stereochemistry
The stereochemistry of these reactions was established by Cornforth & Popjak in a most remarkable series of experiments carried out in the 1960s (Popjak & Cornforth, 1966) . Since these experiments have been presented in some detail a number of times, only the conclusions regarding prenyltransferase will be given. In both of the 1'-4 condensations leading to farnesyl pyrophosphate, the carbinol carbon of the allylic substrate inverts, the si, si face of the double bond of isopentenyl pyrophosphate is the side on which the new bond is formed, and the pro-R hydrogen of the isope7tenyl moiety is lost stereospecifically (Fig. 3) . In the 1 -1 reaction leading to squalene formation, the carbon that accepts the hydride from NADPH retains its configuration while the other carbinol carbon is inverted.
Enzymology of prenyltransferase
Prenyltransferases (farnesyl pyrophosphate synthetase) have been purified from a number of sources, including bacteria, fungi, and vertebrates. The enzyme has been obtained in homogeneous form from two species of vertebrates and from two species of fungi. The homogeneous proteins have molecular masses of 75 000-85 000 daltons and are comprised of two apparently identical subunits (Chayet & Rilling, 1985) . The bacterial enzymes produce both cis and trans polyprenols of a variety of chain lengths (Fujii et al., 1982; Muth & Allen, 1984) . Although none of the bacterial enzymes has been purified to homogeneity, the undecaprenyl pyrophosphate synthetase from Lactobacillus has been found to have an M, of 5 5 000 and subunits of half that M, (Muth & Allen, 1984) . Other bacterial prenyltransferases are somewhat smaller (Takahashi e t al., 1979).
Substrate binding. The enzyme from chicken liver has been most extensively studied since it can be obtained in a crystalline form that is stable (Reed & Rilling, 1975) . 
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The crystalline enzyme catalyses two reactions, the condensation of isopentenyl pyrophosphate with either a five-or a 10-carbon allylic pyrophosphate. This observation presented two distinct possibilities, i.e. the subunits could be catalytically homogeneous or heterogeneous with respect to each other. This possibility was tested by forced equilibrium dialysis of the enzyme with its substrates. The results demonstrated that there were two binding sites for each allylic substrate per rnol of enzyme and that the allylic substrates were mutually competitive for these sites. In addition, the product, farnesyl pyrophosphate, was bound at a ratio of 2 mol per mol of enzyme and was competitive with the five-and 10-carbon allylic substrates. There was no indication of co-operativity in binding of the different allylic substrates. The divalent cations Mg2+ and Mn2+ enhanced the association several-fold but were not required for substrate binding. The obvious conclusion from these experiments was that the two subunits had identical binding properties, and hence we concluded that they had identical catalytic properties (Reed & Rilling, 1976) . Substrate-binding studies with isopentenyl pyrophosphate gave very different results. In the presence of Mg2+, 4mol of this substrate were bound per mol of protein, while in the absence of a divalent metal ion, only 2mol were bound. This would indicate that in the presence of a divalent cation the homoallylic substrate can bind to the allylic site. Additional studies with 2-fluoro-farnesyl pyrophosphate, which is a non-reactive analogue of the product, indicated that the presence of this compound could block the binding of both the allylic and homoallylic substrates. Apparently each subunit of the enzyme has an allylic and an isopentenyl pyrophosphate binding site (Reed & Rilling, 1976) .
Farnesyl pyrophosphate synthetase has an absolute requirement for a divalent cation for activity. This function could be for substrate binding, catalysis, or both. In binding studies, radioactive Mn2+ did not bind appreciably in the absence of substrate. With substrate or product present, 2 rnol of metal were bound per subunit. In the presence of two unreactive fluorine analogues, one allylic, the other homoallylic, the binding of the metal ion was not enhanced. These experiments demonstrated that the mctal ion is essential for catalysis and may not play an important role in substrate binding (King & Rilling, 1977) .
Mechanism o f prenyltransferase. During binding studies, we found that under certain conditions the allylic substrate was decomposed to the parent alcohol. Since the process was autocatalytic, we reasoned that one of the products was assisting in the decomposition. The obvious candidate, inorganic pyrophosphate, was indeed found to accelerate the decomposition of allylic pyrophosphates at neutral pH and 30°C in the presence of the enzyme. The rate was about 2% of the normal catalytic reaction. Thus, this appeared to be a partial prenyltransfer reaction, or better a prenyltransfer to water, rather than isopentenyl pyrophosphate. Further experiments demonstrated that during this process the carbinol carbon of the allylic pyrophosphate was inverted and the carbon-to-oxygen bond was cleaved. The hydroxyl oxygen in the product had its origins in water. Thus, the solvolytic process closely mimics the normal reaction (Poulter & Rilling, 1976) . Fig. 4 depicts the relationship between the normal and the solvolytic reactions. This indicated that ionization of the allylic substrate preceeded carbon-to-carbon bond formation. It was also apparent that proton elimination would be the last step. Thus, the reaction may be termed an ionizationcondensation-elimination reaction. Poulter and his group used another approach to demonstrate the mechanism of the prenyltransferase reaction. The hydrogen atoms in the periphery of the C-2-C-3 double bond of the allylic pyrophosphate were replaced systematically with fluorine. The electronwithdrawing effect of the fluorine should greatly reduce the rate of the ionization step by depleting the electron density in the allylic moiety. This replacement would have much less of an effect on the rate of a nucleophilic displacement reaction. If the rate-limiting step or partial rate-limiting step is the cleavage of the C-0 bond of the allylic molecule, these fluorine-containing compounds should react more slowly during condensation. To determine the relative effects of fluorine substitution on the rates of ionization of allylic compounds, model compounds were prepared and their rates of solvolysis determined. The results, shown in Table 1 , indicate a remarkably close correlation between rate depression of chemical solvolysis and of prenyltransferase by fluorine substitution in the molecule (Poulter & Satterwhite, 1977; Poulter et al., 1978) .
Although these experiments made an SN2 mechanism for the reaction most unlikely, it was still possible that a developing positive charge at C-3 might be stabilized by a group from the protein. Since the final step of this kind of mechanism is the elimination of hydrogen from C-2, the inclusion of fluorine at C-2 of isopentenyl pyrophosphate should trap any enzyme-bound intermediate. Two analogues, 2-fluoro-and 2,2'-difluoro-isopentenyl pyrophosphate, effective competitive inhibitors of the enzyme, were incubated with the enzyme, but no enzyme-bound intermediate was detected (Poulter et al., 1979) .
Role of metal ions. bound per mol of enzyme-substrate complex (Brems & Rilling, 1977) . Models of the substrates can be constructed to demonstrate that two metal ions (the number bound per catalytic site) can serve to co-ordinate the two substrates (Fig. 5) . The model shown for relative orientation has the 2-pro-R-hydrogen of isopentenyl pyrophosphate surrounded by the oxygens of the allylic pyrophosphate, thus providing the base necessary to assist in the removal of this proton.
Kinetics. The kinetic analysis of this enzyme has been difficult since isopentenyl pyrophosphate binds at both allylic and homoallylic sites as does the product, inorganic pyrophosphate. In addition, as in the binding studies, (Holloway & Popjak, 1967) . More recently, a detailed kinetic study showed inhibition by the homoallylic substrate. Fluorogeranyl and fluoroisopentenyl pyrophosphates were also used as dead-end inhibitors. However, differentiation between ordered and random sequential mechanisms was not possible because of the lack of specificity of both inhibitors and products (Laskovics et al., 1979). To solve the problem of mechanism, trapping experiments were carried out. In these experiments, the enzyme was preincubated with one substrate which was radioactive; then the second substrate was added along with an excess of non-radioisotopic initial substrate. Since any substrate trapped by the chase before dissociation from the enzyme would yield a product of high specific activity, it was possible to calculate the fraction of the first substrate that could condense before dissociation from the enzyme. With this technique, half of the allylic substrate and none of the homoallylic was trapped. This experiment clearly demonstrates that the mechanism is ordered with the allylic substrate binding first to the enzyme. At very short reaction times, a burst of synthesis of farnesyl pyrophosphate was observed which was followed by a steady-state rate that was 50 times slower. The burst was attributed to the formation of farnesyl pyrophosphate on the enzyme surface (catalytic site), while the slower steady state is the result of the product leaving the enzyme at steady state (Laskovics & Poulter, 1981) . More recently, a free-energy study was reported which indicated that the cleavage of the pyrophosphate ester bond of geranyl pyrophosphate is a discrete step and yields a geranyl cation-pyrophosphate ion pair, which is the species that then reacts with the double bond of isopentenyl pyrophosphate. This ion pair is sufficiently tight that there is no exchange between bridging oxygen and non-bridging oxygen in the linkage of this pyrophosphate ester (Mash et Reaction termination. Prenyltransferase is a polymerizing enzyme that stops after two condensation reactions (farnesyl pyrophosphate is an inefficient substrate condensing at about 2% of the normal catalytic rate). Geranylgeranyl pyrophosphate is not a substrate. Some experiments gave an insight as to the mechanism of termination of the polymerization reaction. As previously discussed above, inorganic pyrophosphate promotes the solvolysis of geranyl pyrophosphate cleanly to the parent alcohol. However, with farnesyl pyrophosphate as a substrate, the solvolysis reaction was much slower, and a mixture of hydrocarbons and alcohols was recovered. This could be accounted for if, while binding in the allylic site, the tail of the hydrocarbon chain of farnesyl pyrophosphate was forced back over the carbinol carbon by the catalytic site, postulated to be cup-shaped. The presence of farnesyl pyrophosphate would prevent isopentenyl pyrophosphate from binding in the catalytic site and would also exclude water for the solvolytic reaction as well. With this model (Fig. 6) , the cation formed upon the ionization step would have time to rearrange before reacting with water, and it would have the opportunity to react intramolecularly with the C-10-C-11 double bond, producing a cyclic molecule. The predicted cyclic sesquiterpenes for this reaction were found, thus indicating that it is the size and shape of the allylic binding site that determines termination by preventing the binding of another isopentenyl pyrophosphate molecule when farnesyl pyrophosphate is bound (Saito & Rilling, 198 1) . Interestingly, this observation provides a potential mechanism for the formation of the cyclic sesquiterpenes.
Analogues. Many substrate analogues for prenyltransferase have been synthesized and tested as inhibitors or substrates with the hope of producing an inhibitor of cholesterol biosynthesis. Consequently, a substantial amount of information concerning the topological aspects required for substrate binding is available. The pyrophosphate group is required for the reaction since both dimethylallyl phosphate and geranyl phosphate inhibit the enzyme but will not condense with isopentenyl pyrophosphate. The C-2-C-3 double bond is essential for reactivity and major changes in the vicinity of this bond In this mode the carbonium ion formed by the departure of the pyrophosphate group could react with the double bond.
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Fluorine is the only substitution permitted for hydrogen at C-2. C-3 must be disubstituted with alkyl groups. The methyl group at the Z-configuration of C-3 can be substituted by short linear alkyl chains up to butyl. On the other hand, the enzyme will accept extensive modifications in the E-position. More than 30 analogues have been reported . For example, when the hydrocarbon chain in this position was extended up to ten residues, the analogues were utilized by the enzyme. Most interestingly, two optima were found, one for the dimethylallyl residue and one when the alkyl chain was five carbons longer, i.e. the compound was a geranyl analogue (Nishino et al., 1972) .
Binding and reactivity at the isopentenyl pyrophosphate site is significantly more stringent. For example, as indicated previously, dimethylallyl pyrophosphate does not bind at this site. When the alkyl substituent at C-3 was varied from none to three carbons, only the methyl and the ethyl-carbon compounds participate. Functional substrates were obtained with an analogue substituted with dimethyl at C-4 as well as one with an extra methyl at both C-4 and C-5. Two very unusual analogues, a cyclohexane and a cyclopentene derivative, also were reactive (Saito, 1970) . If a single methylene is inserted between C-1 and C-3 of isopentenyl pyrophosphate, the product of the condensation of this analogue with geranyl pyrophosphate had Z-stereochemistry at the new C-3-C-4 double bond (Ogura et al., 1974) .
Advantage was taken of this lack of specificity, and several photoreactive substrate analogues were synthesized with the hopes of covalently labelling the substrate binding site of the enzyme. One of these, o-azidophenethyl pyrophosphate, when photolysed with avian prenyltransferase, gave extensive inactivation. Fragmentation of the derivatized protein with cyanogen bromide yielded eight peptides, only one of which was labelled. Sequencing of this peptide revealed two rather broad regions associated with the photoaffinity label (Brems e t al., 1981) .
Squalene synthesis
The final aspect of squalene synthesis that will be considered is the head-to-head coupling of two farnesyl units to form squalene. Popjak demonstrated that NADPH, used in this reductive step, donated one hydrogen of the four on the two condensing carbons in the product (Popjak & Cornforth, 1966) . Thus, it was quite clear that this was an asymmetric process. However, it was a number of years before the course of events leading to squalene from farnesyl pyrophosphate was described more precisely.
The very simple step of omitting the reducing cofactor from the reaction mixture led to the accumulation of an intermediate that was isolated and characterized (Epstein & Rilling, 1970; Popjak et al., 1973) . The absolute configuration of presqualene pyrophosphate is shown in Fig. 7 . This compound, a cyclopropylcarbinyl pyrophosphate, is the result of the prenyltransfer of C-1 of one farnesyl unit to the 2,3 double bond of a second, a process which is accompanied by the loss of a proton. The final step in squalene biosynthesis is the reductive opening of the cyclopropane with accompanying rearrangements to yield squalene (Fig. 2) .
Enzymology. Squalene synthetase, the protein catalysing this sequence of events, is an intrinsic microsomal protein.
The enzymes have not been resolved nor has either been purified to a significant extent, and it is not possible to tell if the two reactions are catalysed by two discrete entities. Squalene synthetase has an absolute requirement for a 0 0 R' 'H Fig. 7 . Presqualene pyrophosphate divalent cation, Mg2+ or Mn2+ being the best. As indicated, a reduced pyridine nucleotide NADPH (NADH also works) is required for the reductive step. The synthesis of presqualene pyrophosphate is stimulated several fold if a reduced pyridine nucleotide is included (Agnew & Popjak, 1978) . Some detergents and organic solvents also stimulate this reaction (Bertilino et al., 1978) . Probably all of these effects are the result of facilitating the removal of presqualene pyrophosphate from the catalytic site, thus permitting the binding of new substrate molecules. Interestingly, squalene synthetase has been shown to be a relatively small protein and has been solubilized from yeast microsomes by deoxycholate. The solubilization was not permanent since the enzyme would aggregate on removal of detergent. Ultracentrifugation in the presence of detergent in a sucrose gradient indicated that squalene synthetase has an S20,w of 3.3. Squalene synthetase solubilized with deoxycholate was found to have a Stokes radius of 4.0 nm by chromatography on Sephadex G-200. The presence of phospholipids in the collecting tubes for this chromatographic step greatly improved recovery. Nonetheless, overall recovery was poor. These two values indicated an M, of 55000 for the protein(s) (Agnew, 1985) . This is in contrast with and much lower than earlier reports. Neither procedure resolved presqualene synthetase from squalene synthetase.
Substrate analogues. The en.tyme has been probed with a variety of substrate analogues, and these have served to determine some of the parameters for binding and reactivity. The pyrophosphate group is essential for reaction since neither farnesyl monophosphate nor presqualene monophosphate are substrates. It is not known if the metal ion is required for binding or for the reaction. However, extrapolating knowledge obtained with prenyltransferase and the role of metal ion in assisting the departure of the pyrophosphate group, the latter is most likely.
Some modifcation of the hydrocarbon portion can be made without destroying the reactivity of the substrate analogue. The effect of the chain length of the substrate was studied by Ogura, who demonstrated that replacement of either terminal methyl group of farnesyl pyrophosphate by an ethyl group yielded the corresponding bishomo squalene product (Ogura et al., 1972) . More dramatically, geranylgeranyl pyrophosphate can serve as a substrate in a yeast system yielding lycopersene, a C40 homologue of squalene (Qureshi et al., 1973) . However, shortening the chain length of the analogue to Clo (geranyl) gives an inactive substrate (Poulter & Rilling, 198 1) .
Ortiz de Montellano and collaborators tested a number of analogues of farnesyl pyrophosphate as substrates for squalene synthesis (Ortiz de Montellano et al., 1977) . Three of these compounds served as substrates but only when farnesyl pyrophosphate was a co-reactant. They found that the analogues were incorporated regiospecifically. Experiments with C-1 tritium-labelled analogues demonstrated that the analogues occupied the acceptor site during the condensation reaction. A similar observation had been made with 7-desmethylfarnesyl pyrophosphate. In these experiments, the discrimination against the analogue was about 20-fold. Thus, the enzyme has been shown to be fairly selective, with the donor region of the enzyme being considerably more specific. Condensation was not seen with more extensive modifications in the vicinity of the C-2-C-3 and C-6-C-7 double bonds. It should be noted, because of the way in which these experiments were done, they only rule out these analogues as donors and not as acceptors in the condensation reaction to form presqualene pyrophosphate. The non-participating analogues were studied as inhibitors for this condensation reaction. The C-6-C-7 double bond is particularly important since compounds in which this is saturated are relatively ineffective inhibitors. Also, the 6,7-dihydroand 6,7,10,1 I-tetrahydro-farnesyl pyrophosphates are unreactive in the condensation reaction as well as being relatively poor inhibitors .
During the condensation reaction, the donating farnesyl residue loses a proton (the p r o 8 hydrogen) at C-1. This information, in conjunction with the known absolute configuration, indicates that the prenylation is at the 2-si, 3-re face of the acceptor and that C-1 of the donor farnesyl unit inverts.
Mechanism. The series of rearrangements leading from the cyclopropyl carbinyl system of presqualene pyrophosphate to squalene is complex; five bonds are made or broken during this transformation. As for presqualene pyrophosphate synthetase, no satisfactory enzymology for this reaction has been achieved. Therefore, conclusions about the sequence of rearrangements that lead from this cyclopropyl intermediate have come from model studies, principally in laboratories of Poulter and of Coates, who have studied the solvolysis of Clo analogues of presqualene pyrophosphate (Poulter & Rilling, 198 1) . Two pathyays that progress from the presqualene analogue to the 1 -1 product are shown in Fig. 8 . Unfortunately, in the model studies the yield of the 1'-1 product was low, indicating that the enzyme plays an important role in directing the course of the reaction as might be anticipated. It has been suggested that the topology of the enzyme substrate complex be maintained in the ion pair (carbonium ionpyrophosphate) formed, since electrostatic attractions can govern the regiochemistry of the rearrangement. Given the intermediate ions A and B, the remaining process was regiospecific, giving good yields of the 1'-1 product. However, it is not possible to distinguish between the cyclopropyl or cyclobutyl cations as intermediates on the way to the final product. The stereochemistry of the conversion of the 1'-2-3 condensation has also been determined, and very interestingly, the net stereochemistry in the model system is the same as that for the biosynthesis of squalene.
